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Abstract
A sloshing absorber consists of a tank, partially filled with liquid.
The absorber is attached to the structure to be controlled, and
relies on the structure’s motion to excite the liquid.
Consequently, a sloshing wave is produced at the liquid free
surface possessing energy dissipative qualities.
The primary objective of this paper is to demonstrate the
effectiveness of employing liquid sloshing as a structural control
mechanism. To this end, simple experimental observations are
presented first. Then, numerical predictions obtained using
Smoothed Particle Hydrodynamics (SPH) are compared with
experimental observations. This comparison has been done to
prove the modelling technique’s ability to approximate the
behavioural characteristics of such flows accurately.
Introduction
Sloshing is the low frequency oscillation of a liquid within a
partially full container. The controlling of sloshing has generally
been directed towards suppression due to the damaging effects it
can impose. It is also possible to employ sloshing as an effective
energy sink in various engineering applications to provide
protection for structures exposed to excessive vibration levels [1-
4].
A tuned liquid damper (TLD) can act as a damped dynamic
vibration absorber as shown in Figure 1. A TLD is simply a
container attached on the structure to be controlled. Sloshing in
the container is induced intentionally for structural control. The
absorber is tuned so that the frequency of sloshing normally
Figure 1 Tuned liquid damper, attached to a mechanical oscillator of mass
m, stiffness k and viscous damping coefficient of c.
coincides with the natural frequency of the structure. The
sloshing fluid oscillates out of phase with mass m, creating a
counteracting pressure force on the side of the container. Shear
stress within the fluid is the primary form of mechanical damping
in this type of absorber, if the liquid level is low.
Investigating an effective means of using intentionally induced
liquid sloshing for structural control applications, is the primary
objective of this paper. Simple experiments are described next
involving an inverted pendulum controlled by a sloshing
absorber. Experiments’ objective is to determine the effect of
varying liquid depth on structural control. The experimental
arrangement is then modelled numerically using Smoothed
Particle Hydrodynamics (SPH) technique. SPH has been
successfully applied to a wide range of industrial fluid
flow applications [5-6]. The numerical predictions of the free
surface shapes of two selective cases, are compared with
experimental observations. Comments are provided for the
accuracy of numerical predictions.
Experimental Procedure
The experimental setup shown in Figure 2 consists of a
mechanical oscillator whose structure is configured as an
inverted pendulum. The structural stiffness is provided by
attached springs. It has been reported that the inverted pendulum
arrangement can enhance the energy dissipation of a TLD by
around 7 fold as compared to that experiencing pure translation
[7].
A rectangular container to accommodate the sloshing absorber is
mounted on the pendulum. The container is made of plastic (food
container) with 340 mm length, 230 mm width and 142 mm
height. As the structure is excited, the container is subjected to
angular oscillations. The structure is controlled through filling the
container to liquid depths of 2.75 mm, 5.5 mm, 8.25 mm, 11 mm
and 22 mm. The behaviour of each case is then compared to that
of the uncontrolled structure subjected to the same initial
disturbance.
The disturbance is provided from an initial angular displacement
of 16 degrees, shown by the dashed line in Figure 2. The structure
is then released from this position and allowed to oscillate freely.
A simple stop-block allowed consistent initial conditions for all
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cases. Oscillations are observed until the structure comes to rest
in the central position indicated by the solid line shown in Figure
2. Experimental observations are made from video recordings of
the oscillations, at a standard speed of 20 frames per second.
Such frame speed is sufficient to capture the important events
where the shortest period of oscillations are for the uncontrolled
case which has a fundamental frequency of around 0.33 Hz with
no sloshing liquid.
The mass moment of inertia of the uncontrolled structure is
measured to be approximately 3.2 kg.m2 about the centre of
rotation. The ratio of mass moment of inertia of fluid to that of
the structure for the above mentioned liquid depths is about 1/32
(2.75 mm), 1/16(5.5 mm), 1/10 (8.25 mm), 1/8 (11 mm) and 1/4
(22 mm).
Figure 2 Experimental setup.
Numerical Procedure
The experimental setup shown in Figure 2 is modelled
numerically with liquid depths of 5.5 mm and 22 mm using SPH.
The SPH computer code used in this study has been developed by
CSIRO Mathematical and Information Sciences. SPH is a
particle-based (rather than the conventional grid base) method of
modelling fluid flows. A brief explanation of SPH can be found
in the accompanying submission [8], a more extensive
description in [9] .
A rigid container, 340 mm wide and 142 mm high, is placed 670
mm above the pivot point in a central position, replicating the
structure arm seen in Figure 2. It is then filled with the
appropriate level of liquid. The fluid is water with a density of
1000 kg/m3 and viscosity of 0.001 kg/m.s. The liquid filled
container is rotated to the initial position of 16o clockwise, with a
constant angular velocity in the first 3 seconds of the simulation.
The container remains stationary at this point for 4 seconds to
allow the fluid particles to settle, approaching zero velocity. The
motion of the container from the experiments found
experimentally is then imposed on the container to excite the
fluid motion. The flow simulations are performed with a 2-
dimensional model.
It should be clearly stated here that the objective of the numerical
simulations is to test the accuracy of the predicted free surface,
through comparisons with experimental observations. To this
end, the reported cases should be interpreted as the first stage of a
full fluid-structure interaction where the motion of the container
is the result of the structural response to sloshing fluid forces.
Full fluid-structure interaction is the next phase of investigation.
Experimental Results
Angular displacement histories of the 5.5 mm and 22 mm liquid
depth cases are shown in Figures 3(a) and 3(b), respectively. The
5.5 mm case undergoes three complete cycles before coming to
rest, whereas the 22 mm case experiences only one and a half
cycles. The 5.5 mm liquid depth oscillates at approximately three
times higher frequency (0.27 Hz) than that of the 22 mm liquid
depth case (0.09 Hz), producing a more energetic response. The
reduction of the frequency of oscillations is the result of negative
stiffness imposed by the inverted pendulum configuration, and
(to a smaller extent) the added mass of the water.
Summary of the settling times of all cases is shown in Figure 4.
The settling time is defined as the time taken from the instant of
the structure’s release to when its motion has stopped, at the
central rest position.
Cases employing liquid as a structural control mechanism
produce considerable reductions in settling time, relative to that
of the uncontrolled case. An optimum condition exists between
the liquid depths of 2.75 mm and 8.25 mm, the marginally best
performer being 5.5 mm. It is interesting to notice that the control
performance of the sloshing absorber is virtually independent of
the liquid level for a significantly wide range. Such an apparent
insensitivity is a great advantage from a practical point of view.
The equivalent critical viscous damping ratios of all cases
observed are shown in Figure 5. Simple logarithmic decrement is
used to obtain these values. A damping ratio of about 0.4% is
seen in the uncontrolled case. A 40-fold increase is achieved
through implementing a liquid depth of 22 mm. Multiple
damping ratios for different liquid depths, are calculated at
different instances of the decay envelopes. This is not surprising
considering that the decay is not due to the presence of a linear
viscous damper, although mechanism of dissipation is viscous in
nature.
Numerical Predictions
Free surface comparisons of the 22 mm liquid depth case are
shown in Figure 6. The left hand column represents experimental
findings at certain instants in time, whereas the numerical
predictions are shown in the right hand column. The sliding
colour scale in the numerical prediction figures, indicates fluid
particle velocity in metres per second. Figures 6(a) and (b), (c)
and (d), (e) and (f), (g) and (h), (i) and (j), (k) and (l), and (m)
and (n) correspond to simulation times of 0.00 s, 1.65 s, 2.00 s,
4.35 s, 6.00 s, 7.20 s and 10.15 s, respectively.
The structure supporting the sloshing absorber is set to an initial
clockwise rotation of 16 degrees. This instant is shown just prior
to release in Figure 6(a), at t = 0.00 s. The fluid, coloured blue, is
seen in the bottom right hand corner of the container. The
structure is held in this position until fluid motion is no longer
noticeable. The numerical model in Figure 6(b) emulates the
same behaviour observed, after positioning the container and
allowing the fluid particles to settle. As shown in the sliding
scale, the predicted fluid particle velocities are small, and the free
surface is almost identical to that seen experimentally.
Sloshing
absorber
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3Once released, the structure rotates from right to left, transferring
the imposed potential energy into kinetic energy. Consequently, a
travelling wave develops moving in the same direction. Figure
6(c) corresponds to 1.65 s after release. The travelling wavefront
has just collided with the left side container wall. This interaction
is shown numerically in Figure 6(d). The free surface shape
predicted closely matches with that observed. High particle
velocities are predicted just right of the wave-to-wall interaction,
indicated in red. Such high levels of kinetic energy behind the
wave, cause a small hydraulic jump at the wall surface.
Interaction with the left wall generates a travelling wave moving
from left to right, opposing the main body of fluid still moving
towards the right. In Figure 6(e), this wave can be seen as the
structure passes through the central rest position at t = 2.00 s.
Steep velocity gradients are predicted at the interface between
this travelling wave and the main body of fluid, shown in Figure
6(f). Such an event is a highly effective energy dissipater. The
free surfaces shown in the prediction and observation are quite
comparable.
The structure continues to rotate from right to left until maximum
anti-clockwise rotation is observed at t = 4.35 s, shown in Figure
6(g). At this time, all kinetic energy is converted to potential, the
structural motion has ceased, and all fluid particles reside in the
left hand side of the container. The portion of container bottom
predicted to be dry is similar to that observed, around one third of
the length. The corresponding simulation results are shown in
Figure 6(h). Numerical and experimental free surface shapes are
analogous.
As the structure begins to oscillate back towards the central rest
position, fluid flows from left to right within the container. At t =
6.00 s, fluid is almost touching the right side container wall,
shown in Figure 6(i). The numerical solution shown in Figure
6(j) predicts a free surface shape that closely matches that
observed. The fluid distributions are close to identical.
The free surface is smooth as the structure passes through the
central rest position at t = 7.20 s, shown in Figure 6(k). The
numerical prediction of which is alike, shown in Figure 6(l). The
container comes to rest at a maximum clockwise rotation of
around 10.5 degrees occurring at t = 10.15 s, shown in Figure
6(m). At this point in time around one third of the container
bottom is dry, and the numerical prediction shown in Figure 6(n)
is in agreement with this position. From here, the structure
oscillates back to the central rest position, motion ceases at t =
22.60 s.
Free surface comparisons of the 5.5 mm liquid depth case are
shown in Figure 7. Frames are arranged in the same manner as in
Figure 6, the 22 mm liquid depth case. Figures (a) and (b), (c)
and (d), (e) and (f), (g) and (h), (i) and (j), (k) and (l), and, (m)
and (n) correspond to simulation times of 0.00 s, 0.95 s, 1.30 s,
1.60 s, 1.85 s, 2.75 s and 3.70 s, respectively.
The structure and container arrangement, along with its
numerical counterpart, are setup in the same manner as the 22
mm liquid depth case. They are shown, subjected to an initial
clockwise rotation of 16 degrees, in Figures 7(a) and 7(b),
respectively.
Once released, the structure moves from right to left. In contrast
with the 22 mm liquid depth case, the response is energetic,
passing through the central rest position at t = 0.95 s, shown in
Figure 7(c). Travelling wave development is seen moving in the
same direction, caused by the motion of the structure. Half of the
container bottom is dry ahead of the wavefront, the prediction of
which matches closely, as shown in Figure 7(d). Travelling wave
development is also predicted well. However, the experimentally
observed smooth free surface is not replicated. Instead, a series of
three travelling waves are predicted, responsible for the rough
free surface exhibited numerically.
The developed travelling wave collides with the left wall of the
container at t = 1.30 s, shown in Figure 7(e). At this instant, a
second travelling wave is observed, as a low amplitude, long
period ‘swelling’ in the free surface. Fluid is distributed over the
entire container bottom. The observed second travelling wave is
predicted by the model, as shown in Figure 7(f). The predicted
distribution of fluid is similar to that observed, yet the free
surface is ‘bumpier’. Less fluid is predicted to be interacting with
the container wall than what is seen experimentally.
As a result of the energetic wave-to-wall interaction, a portion of
fluid ‘jumps’ up the container wall to an elevated position. This
complex free surface behaviour is seen at t = 1.60 s, when
approximately one fifth of the container bottom is dry, shown in
Figure 7(g). The numerical prediction shown in Figure 7(h)
shows a similar fluid distribution, with around the same portion
of container bottom exposed to air. A portion of fluid is predicted
to elevate, but also experiencing a swirling flow pattern. This
behaviour is not observed experimentally, rather the fluid tends
to collapse on itself under gravity.
Figure 7(i) has the structure at rest, achieving maximum anti-
clockwise rotation at t = 1.85 s. The elevated fluid having
collapsed onto itself under gravity is interacting with the main
body of fluid, producing swirling flow patterns. All the fluid is in
the bottom left hand corner of the container, the free surface of
which is uneven leaving around four fifths of the container
bottom dry. The fluid free surface predicted at this time, shown in
Figure 7(j), has a smoother shape than that observed. Less than
two thirds of the container bottom is predicted to be dry.
Structure motion commences from left to right shortly after,
producing a travelling wave in the same direction. Figure 7(k)
shows the structure passing through the central rest position at t =
2.75 s. One third of the container bottom is dry in front of the
travelling wave. The predicted fluid distribution agrees rather
closely with that observed, illustrating a comparable portion of
dry container bottom in Figure 7(l). The free surface predicted is
rougher than that observed.
Motion from left to right continues until t = 3.70 s. At this time,
rotation in the clockwise direction has reached maximum and
motion has ceased, as shown in Figure 7(m). The fluid behaviour
predicted is inconsistent with what is observed, having a denser
particle distribution and a more irregular free surface shape.
Almost two thirds of the container bottom is predicted to be dry,
whereas one quarter of the container bottom actually is in the
experiments. The structure continues to oscillate in this manner
until rest in the central position is observed at t = 13.00 s.
A number of unaccounted factors may have caused the
discrepancies between the predictions and observations in the
details of the fluid motion for the 5.5 mm deep case. The first and
most significant of these factors is the presence of the 3-
dimensional fluid motion which, of course, cannot be taken into
consideration with a 2-dimensional numerical model. Equally
importantly, surface tension is not incorporated in the SPH code,
which may become an issue particularly at shallow liquid levels.
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The effectiveness of liquid sloshing used as a structural control
mechanism has been investigated experimentally. All controlled
cases produce considerable reductions in settling time; 5.5 mm
liquid depth having the highest. Hence, study of the proposed
controller for better understanding is certainly justified.
Two selective cases, namely 5.5 mm and 22 mm liquid depths
have been modelled numerically using Smoothed Particle
Hydrodynamics (SPH). The motion of the container observed
experimentally, is imposed on the numerical model to compare
the accuracy of free surface predictions. This has been done as an
intermediate step towards a full fluid-structure interaction.
The numerical model predicted fluid behaviour quite accurately
for the case of 22 mm liquid depth. However, some behaviour
observed experimentally in the 5.5 mm liquid depth case, is not
replicated numerically. This may be due to a number of factors,
such as 3-dimensional container geometry effects, and the
absence of surface tension in the numerical code. Further study is
underway to resolve these issues.
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5(a)     (b)
Figure 3 Angular oscillation histories of (a) 5.5 mm and (b) 22 mm  deep cases.
Figure 4  Variation of settling times with different water depths.
Figure 5  Variation of the equivalent viscous damping ratio for different water depths.
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Figure 6 Free surface comparisons of 22mm liquid depth. Left column shows experimental observations, right column shows numerical predictions of these.
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Figure 7 Free surface comparisons of 5.5mm liquid depth. Left column shows experimental observations, right column shows numerical predictions of these
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